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Edited by Barry HalliwellAbstract Heat shock protein 40 (Hsp40) functions as a co-
chaperone of mammalian Heat shock protein 70 (Hsp70) and
facilitates the ATPase activity of Hsp70, and also promotes
the cellular protein folding and renaturation of misfolded pro-
teins. In an eﬀort to assess the eﬀects of Hsp40, we generated
TAT-fused Hsp40 (TAT-Hsp40). The cells were transduced with
TAT-Hsp40 and exposed to H2O2. We demonstrated that the
TAT-Hsp40-transduced cells were more resistant to cellular
cytotoxicity and cell death. In particular, the degradation of
Hsp70 was signiﬁcantly reduced in TAT-Hsp40-containing cells
as a consequence of reduced ubiquitin–proteasome activity after
oxidative injury. These data support the notion that Hsp40 may
confer resistance to oxidative stress via the prevention of protea-
some activity.
 2008 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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proteasome1. Introduction
Heat shock proteins (Hsps) are a class of conserved, stress-
inducible proteins, which have been demonstrated to perform
critical functions in signal transduction, cell cycle regulation,
and cell proliferation through their activities involved with
protein folding, traﬃcking, degradation, and the fostering of
signaling responses [1,2]. Hsps overexpression functions as
an eﬀective means of cytoprotection in the face of a variety
of stimuli including apoptosis, ischemic injury, inﬂammation,
cell proliferation, and sensitivity to eﬃcacious anti-cancer
drugs [3–9].
Heat shock protein 40 (Hsp40) is highly homologous to the
bacterial DnaJ protein from Escherichia coli. In addition,
Hsp40 has been shown to co-localize with Heat shock protein
70 (Hsp70) and performs a function as a co-chaperone of
Hsp70. The principal function of Hsp40 is the regulation of
the ATP-dependent polypeptide binding by Hsp70 [10–12].Abbreviations: Hsps, heat shock proteins; Hsp40, heat shock protein
40; Hsp70, heat shock protein 70; HIV-1, human immunodeﬁciency
virus 1; GFP, green ﬂuorescent protein; LDH, lactate dehydrogenase
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doi:10.1016/j.febslet.2008.01.053Hsp40/DjB1(/) cells evidenced reduced thermotolerance after
heat treatment [13]. Furthermore, overexpressed Hsp40 pro-
tects cells against protein aggregation in the degenerative brain
disease model [14,15]. Hsp40 has been shown recently to facil-
itate the loading of ubiquitinated substrates onto the Hsp70
chaperone, and also regulates cellular proteasome activity
[16,17]. However, the precise molecular mechanisms underly-
ing these cell protective eﬀects and proteasome regulation
remain to be elucidated.
Recently, the TAT protein of human immunodeﬁciency
virus 1 (HIV-1) has been shown to be transduced eﬃciently
into mammalian cells [18]. The amino acid sequence of TAT
is rich in arginine and highly basic, which facilitates the inter-
nalization of the TAT peptide along with its cargo protein
[18,19]. We generated and transduced TAT-fused Hsp40 pro-
tein into the cells in an eﬀort to assess the hypothesis that
the selective increase of Hsp40 is suﬃcient to protect cells
against cytotoxicity via the regulation of other heat shock pro-
teins. We determined that the TAT-mediated transduction of
the Hsp40 protein exerts a cell cytoprotective eﬀect and inhib-
its oxidative stress-induced Hsp70 degradation. These results
indicate that the TAT-mediated delivery of Hsp40 may repre-
sent a novel biological property for the elicitation of cellular
protection against stress.2. Materials and methods
2.1. Puriﬁcation of TAT-Hsp40 fusion proteins
The TAT-Hsp40 expression vector was constructed as previously
described [19]. TAT-fused Hsp40 protein (TAT-Hsp40) was expressed
in E. coli BL21(DE3)pLysS cells (Invitrogen) and was puriﬁed using
the urea-denaturing protein puriﬁcation method [19]. The cells were
lysed via sonication in lysis buﬀer (1 mM imidazole, 100 mM NaCl,
20 mM HEPES, pH 8.0) containing 8 M urea. The cell lysates were
centrifuged at 12000 · g for 30 min at 4 C and 1 ml of Ni2+-NTA aga-
rose was added to the cleared supernatant. After 2 h of gentle mixing at
4 C, the resins were transferred into a column and subsequently
washed three times with 10 ml of washing buﬀer (20 mM imidazole,
300 mM NaCl, 50 mM phosphate buﬀer, pH 8.0). The proteins were
eluted four times with 1 ml of elution buﬀer (500 mM imidazole,
300 mMNaCl, 50 mM phosphate buﬀer, pH 8.0). The urea denaturant
was removed with a Mono-Q ionic exchange column and desalinated
with a PD10 Sephadex size exclusion column. The protein concentra-
tion was quantiﬁed via the Bradford assay and conﬁrmed by SDS–
polyacrylamide gel electrophoresis (PAGE).
2.2. Transduction and detection of TAT-Hsp40 fusion protein
HEK 293 cells were maintained at 37 C with 5% CO2 in DMEM
supplemented with 10% FBS, 100 units/ml of penicillin, and 100 lg/
ml of streptomycin. One day prior to the addition of the fusion protein,blished by Elsevier B.V. All rights reserved.
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The media were then removed and replaced with 1 ml of fresh DMEM
containing 2 lg of TAT-Hsp40.
Twenty four hours after transduction, the cells were lysed and 25 lg
of total protein was loaded onto SDS–PAGE. The proteins were sep-
arated by electrophoresis and Western blotting was accomplished
using an anti-Hsp40 antibody (Stressgen).
For immunocytochemistry, the transduced cells were washed twice
in PBS and ﬁxed with 4% paraformaldehyde in PBS for 10 min. After
being washed with PBS for two times, the cells were incubated with
methanol for 2 min. For immunostaining, the cells were pre-treated
for 30 min with 5% BSA containing PBS as a blocking agent. The cells
were then incubated with 2.5% BSA in PBS containing anti-Hsp40
antibody (Stressgen) for 1 h and washed with PBS for 10 min. The cells
were incubated for 30 min with Cy3-conjugated anti-rabbit secondary
antibody (Jackson ImmunoResearch) in 2.5% BSA containing PBS.
Finally, the cells were washed twice for 10 min with PBS and mounted
with ProLong Antifade mounting medium (Molecular Probes). Fluo-
rescence analysis was conducted by conventional ﬂuorescence micro-
scopy.
2.3. MTT assay
The cells were seeded on 24-well plates at a density of 3 · 105 cells/ml.
The cells were then cultured overnight and treated with 2 lg of
TAT-Hsp40 protein. Six hours later, the cells were treated with
500 lM of H2O2 for 24 h. Cell viability was determined by performing
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) cell proliferation assays. Finally, the optical density was deter-
mined at a wavelength of 570 nm.
2.4. Evaluation of cell cytotoxicity
Cell toxicity was evaluated via the measurement of lactate dehydro-
genase (LDH) activity after exposure to 500 lM of H2O2 using the
CytoTox 96 non-radioactive assay kit (Promega), in accordance with
the manufacturers instructions. Optical density was assessed at a
wavelength of 490 nm.
2.5. Western blot analysis
TAT-Hsp40-transduced cells were treated with H2O2 for 24 h. The
cells were washed twice in cold PBS and lysed with 2 · SDS sample
buﬀer. The proteins were resolved by SDS–PAGE and immunoblotted
with anti-Hsp40 antibody (Stressgen), anti-Hsp70 antibody (Stressgen)
or anti-Hsp90 antibody (Stressgen).
2.6. Flow cytometric analysis
Flow cytometric analysis was conducted using an Annexin V-FLU-
OS staining kit (Roche Molecular Biochemicals) according to the man-
ufacturers instructions. The cells were harvested with trypsin–EDTA,
washed twice in cold PBS, and re-suspended in Annexin V binding buf-
fer (140 mM NaCl, 2.5 mM CaCl2,10 mM HEPES, pH 7.4). The cells
were then stained with Annexin V-FITC and propidium iodide and
analyzed with a tri-laser FACSCalibur ﬂow cytometer (Becton Dickin-
son).
2.7. Proteasomal activity assay
Total cell lysates were obtained by lysis buﬀer (150 mMNaCl, 5 mM
EDTA, 1% Triton X-100, 50 mM HEPES, pH 7.5) and the proteaso-
mal activity was measured using a 20S Proteasome Activity Assay
kit (Chemicon) according to the manufacturers instructions. The
absorbance was determined at 380/460 nm using an EL311 Microplate
Autoreader (Bio-Tek Instruments).3. Results
3.1. Transduction of TAT-Hsp40 fusion protein
In order to determine the eﬀect of Hsp40 onmammalian cells,
TAT-Hsp40 fusion proteins were expressed in E. coli and puri-
ﬁed by urea-denaturing protein puriﬁcation method as de-
scribed in Section 2. The proteins were then eluted four times
with elution buﬀer and the eluted fractions were resolved on12% SDS–PAGE. Coomassie blue staining showed a single pro-
tein band near 40 kDa in each of the eluted fractions (Fig. 1A,
left panel). The eluted proteins were conﬁrmed by Western blot
analysis using anti-Hsp40 antibody (Fig. 1A, right panel).
We next examined whether the TAT-Hsp40 fusion protein is
capable of traversing the cytoplasmic membranes of mamma-
lian cells. The TAT-Hsp40 fusion protein was added to the
HEK 293 cells for 24 h and then the level of transduced
Hsp40 was determined by Western blot analysis. As shown
in Fig. 1B, TAT-Hsp40 was delivered successfully into the
HEK 293 cells in a dose-dependent manner. Immunocyto-
chemistry also veriﬁed the signiﬁcant accumulation of
TAT-Hsp40 in both the cytoplasm and nucleus (Fig. 1C).
TAT-Hsp40 evidenced no cytotoxicity at up to 2 lg (data
not shown).3.2. TAT-Hsp40 protects cells against thermal- and oxidative
stress
In order to determine whether the transduced TAT-Hsp40
was functionally active in the cells, we assessed the eﬀects of
TAT-Hsp40 on lethal heat shock or oxidative stress-induced
cell death. The HEK 293 cells were treated with 2 lg of
TAT-Hsp40 fusion protein. Six hours later, the cells were trea-
ted with lethal heat stress (44 C) for 1 h and allowed to re-
cover at 37 C for 24 h. Cell viability was determined by
MTT assay. The results demonstrated that the cell viability
was reduced in heat-stressed cells (Fig. 2A). However, cells
pre-treated with TAT-Hsp40 were not aﬀected by heat shock,
evidencing cell viability similar to that of the heat shock-un-
treated controls (Fig. 2A). We also assessed the eﬀects of
TAT-Hsp40 under oxidative stress conditions. The cells were
pre-treated with TAT-Hsp40 for 6 h and exposed to H2O2
for 24 h. As shown in Fig. 2B, H2O2 reduced cell viability in
the control cells. However, the TAT-Hsp40-transduced cells
sustained a high level of cell viability upon treatment with
H2O2 (Fig. 2B). The TAT-green ﬂuorescent protein (GFP)
transduced cells evidenced no cell protective eﬀects against
H2O2 treatment, and we observed cell viability similar to that
of the untransduced control cells (Fig. 2C). These results show
that TAT-Hsp40 exerts a cell protective eﬀect against lethal
heat shock and oxidative stress.
As TAT-Hsp40 evidenced a profound cell protective eﬀect
against stress, we further assessed the eﬀects of Hsp40 on
H2O2-induced cytotoxicity. Consistent with Fig. 2B, TAT-
Hsp40 alone exerted no eﬀects on cell proliferation, and the
treatment of cells with H2O2 profoundly inhibited cell prolifer-
ation (Fig. 3A). However, the TAT-Hsp40-transduced cells
preserved cell proliferation upon oxidative stress (Fig. 3A).
We next examined whether TAT-Hsp40 inﬂuences cell cyto-
toxicity by LDH assay. LDH is a stable cytosolic enzyme
which is released upon cell lysis. Exposure of H2O2 for 24 h in-
creased cell cytotoxicity in a dose-dependent manner (Fig. 3B).
However, pre-treatment with TAT-Hsp40 signiﬁcantly pro-
tected the cells against H2O2-induced cytotoxicity (Fig. 3B).
TAT-GFP transduced cells evidenced no cytoprotective eﬀects
against oxidative stress (Fig. 3B). When the cells were trans-
duced with TAT-Hsp40 following H2O2 treatment, the cyto-
protective eﬀect of Hsp40 was substantially reduced (data
not shown).
To further determine the cell protective eﬀects of TAT-
Hsp40 against oxidative stress, we assessed cell death via ﬂow
Fig. 1. Puriﬁcation and transduction of TAT-Hsp40 in HEK 293 cells. (A) Puriﬁed bacterial recombinant TAT-Hsp40 was monitored by Coomasie
blue staining (left panel) and Western blot analysis using anti-Hsp40 antibody (right panel). (B) HEK 293 cells were incubated with the indicated
concentrations of TAT-Hsp40 for 24 h. The cell lysates were prepared and the level of transduced TAT-Hsp40 was monitored by Western blot
analysis using anti-Hsp40 antibody. (C) HEK 293 cells were transduced with 2 lg of TAT-Hsp40 for 24 h. Transduced TAT-Hsp40 was visualized by
immunoﬂuorescence microscopy. The nuclei were stained with DAPI.
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HEK 293 cells were maintained in the absence or presence of
500 lMH2O2 for 24 h. TAT-Hsp40 untransduced control cells
showed 93.1% viable cells. However, H2O2 reduced the viable
cell population to 81.4%. Interestingly, TAT-Hsp40 transduc-
tion signiﬁcantly reduced H2O2-induced cell death (Fig. 4).
These observations indicate that TAT-Hsp40 protects the cells
against H2O2-induced cell death.
3.3. TAT-Hsp40 blocks reduction in the level of Hsp70 as the
result of oxidative stress
Previous studies have shown that Hsp40 speciﬁes the cellular
action of the Hsp70 chaperone protein. We then attempted to
determine whether the transduced Hsp40 aﬀects Hsp70. Inorder to achieve this, HEK 293 cells were treated with 2 lg
of TAT-Hsp40 for 6 h prior to the H2O2 treatment. The total
cell lysates were prepared and the Hsp70 expression level was
assessed by Western blot analysis. As shown in Fig. 5, the
Hsp70 expression level was reduced in a dose-dependent man-
ner as the consequence of H2O2 treatment. On the other hand,
TAT-Hsp40-transduced cells maintained a high level of Hsp70
upon H2O2 treatment. Hsp90 was generally unaﬀected by
Hsp40 (Fig. 5).
3.4. TAT-Hsp40 inhibits the proteasome activity
The results of previous studies have shown that proteasomal
catalytic activity is signiﬁcantly altered by oxidative stress.
Therefore, we attempted to determine whether TAT-Hsp40
Fig. 2. Transduction of TAT-Hsp40 increased cell viability. HEK 293 cells were pre-treated with TAT-Hsp40 for 6 h and exposed to heat stress
(44 C) for 1 h (A) or 500 lM of H2O2 for 24 h (B and C). Cell viability was estimated by MTT assay. TAT-GFP protein was utilized as a negative
control. The data are expressed as the means ± S.E.M. of results from three separate experiments.
Fig. 3. TAT-Hsp40 protects the cells against H2O2-mediated cytotoxicity. (A) HEK 293 cells were transduced with 2 lg of TAT-Hsp40 for 6 h and
treated with 500 lM of H2O2 for 24 h. The cells were examined by inverted microscopy. (B) HEK 293 cells were transduced with 2 lg of TAT-Hsp40
or TAT-GFP for 6 h and treated with indicated concentrations of H2O2 for 24 h. Cell cytotoxicity was measured by LDH assay. TAT-GFP protein
was used as a negative control. The data are expressed as the means ± S.E.M. of results from three separate experiments.
S.-A. Kim et al. / FEBS Letters 582 (2008) 734–740 737aﬀects oxidative stress-induced 20S proteasome activity. The
TAT-Hsp40-transduced cells were either treated with 500 lM
of H2O2 or left untreated for 24 h. The total cell lysates were
prepared and incubated with peptide substrate for 2 h.
As shown in Fig. 6A, H2O2-induced the upregulation of pro-
teasome activity in a dose-dependent manner. However,
TAT-Hsp40 signiﬁcantly inhibited H2O2-induced 20S protea-
some-associated enzymatic activity. In an eﬀort to verify therole of TAT-Hsp40, we further investigated the eﬀects of
TAT-Hsp40 on proteasomal activity by assessing the H2O2-in-
duced degradation of Hsp70. HEK 293 cells were transfected
with the FLAG-Hsp70 expression vector. Twenty four hours
later, the cells were transduced with TAT-Hsp40 and exposed
to 500 lM of H2O2 for 24 h. As shown in Fig. 6B, H2O2-in-
duced a high level of Hsp70 ubiquitination. Interestingly, the
H2O2-induced ubiquitination of Hsp70 was suppressed by
Fig. 4. Flow cytometric analysis of TAT-Hsp40 on H2O2-induced cell death. TAT-Hsp40-transduced cells were treated with 500 lM of H2O2 for
24 h. Cell death was analyzed by the ﬂow cytometric method by staining the cells with Annexin V-FLUOS and propidium iodide.
Fig. 5. TAT-Hsp40 inhibits Hsp70 degradation by oxidative stress.
HEK 293 cells were transduced with TAT-Hsp40 for 6 h and
stimulated with the indicated concentrations of H2O2 for 24 h. The
cell lysates were prepared and the level of endogenous Hsp70 and
Hsp90 was detected by Western blot analysis using anti-Hsp70 and
anti-Hsp90 antibody.
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important function in the regulation of the intracellular
Hsp70 level.4. Discussion
Hsp40/DnaJ interacts with Hsp70 via its J domain and func-
tions as a co-chaperone for Hsp70 [20,21]. Hsp40 cooperates
with Hsp70 for the folding of nascent proteins in the cytosolof eukaryotes. Furthermore, Hsp40 has been demonstrated
to exert a cell protective eﬀect in a variety of disease models,
including nitric oxide-mediated apoptosis, protein aggregation,
and ischemia-like injury [22–24]. Although Hsp40 clearly per-
forms an important function in cellular protection, the molec-
ular mechanisms underlying cell protective activity remain
unknown.
In this study, we adapted the TAT protein transduction sys-
tem to Hsp40 and showed that Hsp40 regulates proteasome
activity and blocks oxidative stress-induced cell cytotoxicity.
The TAT-fused Hsp40 was eﬀectively delivered into the cells
(Fig. 1B and C) and exerted a cytoprotective eﬀect on oxidative
stress-exposed cells. TAT-Hsp40 preserved cell viability
(Fig. 2), prevented LDH release (Fig. 3B), and inhibited cell
death (Fig. 4) under oxidative stress conditions. Considering
these results, it appears that the TAT protein transduction sys-
tem is an eﬀective approach for the selective increase of Hsps.
H2O2 treatment reduced the level of Hsp70 and induced the
rapid induction of proteasome activity. However, Hsp40-
transduced cells did not exhibit decreased levels of Hsp70
(Fig. 5). Furthermore, the proteasome activity was not aﬀected
by H2O2 (Fig. 6A). The proteasome is a large intracellular pro-
tease complex, and is responsible for mediating the majority of
intracellular proteolysis, including the degradation of damaged
proteins. The ubiquitin–proteasome system participates in de-
fense against unfolded proteins and also constitute an eﬀective
protein quality control system that is essential for cellular func-
tion and survival [25,26]. Previous studies have shown that oxi-
dative stress increases the expression and activity of the
proteasome subunit in many cell types [27,28]. In contrast, sev-
eral laboratories have suggested that proteasome activity is
Fig. 6. TAT-Hsp40 inhibits H2O2-mediated proteasome activity and Hsp70 ubiquitination. (A) HEK 293 cells were transduced with TAT-Hsp40 for
6 h and subsequently exposed to H2O2 for 24 h. Total cell lysates were prepared and used to measure the proteasome activity. (B) HEK 293 cells were
transfected with FLAG-tagged Hsp70 mammalian expression vector. Twenty four hours after transfection, the cells were transduced with TAT-
Hsp40 for 6 h and treated with 500 lM of H2O2 for 24 h. Cell lysates were obtained and subjected to immunoprecipitation using anti-FLAG
antibody followed by Western blot analysis using anti-ubiquitin antibody (upper panel). The Hsp70 level in the cells was monitored by Western blot
analysis with anti-FLAG antibody (lower panel).
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some arguments have been made for proteasome activity, we
observed increased proteasome activity against oxidative stress
in HEK 293 cells.
The accumulation of abnormally folded proteins also trig-
gers stress responses which result in the induction of Hsps as
well as the ubiquitin–proteasome pathway [32]. Hsps function
as molecular chaperones which facilitate protein repair and
renaturation from ischemia- or oxidative-like injuries. Hsps
also targeted denatured proteins to the ubiquitin proteasome
system [33]. In this study, we showed that TAT-Hsp40 inhibits
H2O2-induced Hsp70 ubiquitination, and subsequently sup-
presses the degradation of Hsp70 (Figs. 5 and 6B). Addition-
ally, TAT-Hsp40 reduced the ubiquitin–proteasome activity,
thereby suggesting that resistance to oxidative stress may be
conferred via the prevention of Hsp70 ubiquitination
(Fig. 6A). Our ﬁndings suggest the novel role of Hsp40 for cel-
lular protection against oxidative stress.
Unlike what was observed in our study, Ding and Keller
previously showed that Hsp40 did not inﬂuence the protea-
some activity after oxidative stress exposure in neuronal cells
[34]. However, they suggested that Hsp40 may be involved in
proteasome inhibition-associated cytotoxicity. Abnormal pro-
teasome activity results in damage to normal proteins and cell
function. During stress, heat shock proteins including Hsp40
are expressed abundantly and assume a chaperone-like func-
tion, protecting the cells against unusual proteasome activity.
It is possible that Hsp40 may be an important stress response
protein which functions as a crucial proteasome regulator.
We did not determine in this study whether other cellular
proteins are regulated as a consequence of TAT-Hsp40 admin-
istration. Thus, it is possible that TAT-Hsp40 triggered other
stress-related cell signaling cascades, thereby resulting in in-
creased survival of the HEK 293 cells.
In conclusion, our results describe a novel function of Hsp40,
which is suﬃcient to provide cellular protection and also inhib-
its the degradation of Hsp70 after oxidative stress. Hsp40 may
perform a role in the regulation of proteasome activity.
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